Objective: I f , encoded by the hyperpolarization-activated, cyclic nucleotide-modulated (HCN) channel gene family, modulates cardiac pacing. During cardiac pacing, changes in membrane potential are rapid, preventing the very slow HCN channels from reaching equilibrium. Here, we examined the properties of HCN channels under non-equilibrium conditions to shed insight into how different HCN isoforms contribute to cardiac pacing. Methods and results: HCN1, 2 and 4 channels were heterologously expressed in Xenopus laevis oocytes or mammalian Cos7 cells and subjected to voltage clamp. We found that HCN1 channel activation (V 1/2 ) depended strongly on the holding potential (V H ) for short (100 ms; V 1/2 = À 118 mV, À 78 mV and À 19 mV for V H = + 70, À 75 and À 140 mV, respectively, in Xenopus oocytes) but not long (300-ms) testpulses, hinting that shifts of V 1/2 under non-equilibrium conditions may alter the impact of I f in different phases of the cardiac circle. Consistent with this notion, when a train of SA nodal-like action potentials was applied in voltage-clamp experiments, HCN1 exhibited pronounced current -voltage (IV)-hysteresis. Using computational modeling, we demonstrate that the intrinsically sluggish HCN1 activation kinetics underlie their IV-hysteretic behavior and do not hinder the ability to modulate cardiac pacing. By contrast, HCN4 did not exhibit IVhysteresis. This difference can be attributed to the relatively large activation time constant and markedly delayed onsets of time-dependent HCN4 currents. Indeed, HCN2 channels, which have intermediate activation time constants and delays, displayed and intermediate hysteretic phenotype. Conclusion: We conclude that non-equilibrium properties of HCN channels contribute to cardiac pacing. These results provide insight for tuning the firing rate of endogenous and induced pacemakers using engineered HCN constructs with distinct gating phenotypes.
Introduction
I f , encoded by the hyperpolarization-activated, cyclic nucleotide-modulated (HCN) channel gene family, is known to contribute significantly to cardiac pacing [1] . To date, four mammalian HCN isoforms (HCN1 -4) have been identified, each with a distinct pattern of gene expression, tissue distribution [2] and unique kinetic properties. Of the two predominant isoforms found in the rabbit SA node [3] , HCN1 reaches equilibrium in response to a hyperpolarizing test-pulse approximately 10 to 25 times faster than HCN4 [3, 4] .
The importance of HCN channel function to normal cardiac automaticity in mice [5] was recently corroborated in humans by the description of HCN4 mutations in two patients with idiopathic sinus node dysfunction [6, 7] . Upregulation of HCN2 and HCN4 in the ventricles during heart failure and ventricular hypertrophy has also been suggested to predispose affected individuals to certain arrhythmias [8] . However, despite recognizing the importance of I f in normal and pathological conditions, how I f exerts its physiological influence in the heart still remains poorly defined. During cardiac pacing, changes in membrane potential are rapid and dynamic, preventing the establishment of an equilibrium condition. Therefore, traditional measurements of equilibrium variables including channel availability and midpoint activation may be inadequate to explain certain biological processes during the cardiac cycle. Recently, Clancy et al. reported that non-equilibrium gating of cardiac Na + -channels during action potential repolarization triggers the potentially lethal arrhythmias caused by certain long-QT syndrome SCN5A mutations [9] . When measured using standard electrophysiological protocols, the only apparent functional effect of the SCN5A disease mutation I1768V was a 2-fold increase in the rate of recovery from inactivation. By examining non-equilibrium gating, however, these investigators uncovered an abnormally large transient inward Na + -current during action-potential repolarization that promotes the formation of pro-arrhythmic early after-depolarizations [9] .
Given the functional importance of HCN channels in normal cardiac automaticity, we sought to examine HCN gating under non-equilibrium conditions. We hypothesized that I f behaves differently during different phases of the cardiac cycle. In other words, it is possible that HCNencoded currents exhibit current-voltage (IV)-hysteresis during cardiac pacing. If present, IV-hysteresis may have important regulatory and physiological consequences. To test our hypothesis, the properties of HCN1, HCN2 and HCN4 channels were examined under non-equilibrium conditions. We found that HCN1 channels exhibit pronounced IV-hysteresis during simulated SA-nodal pacing that is dependent upon their inherent kinetic properties. In contrast, IV-hysteresis of HCN2 channels is much less pronounced, while HCN4 channels do not exhibit any hysteresis. We attribute the attenuation of IV-hysteresis for HCN2 and HCN4 channels to their markedly delayed onset of activation and relatively slow activation kinetics. These data are discussed in the context of our understanding of the physiological roles of I f in cardiac pacing and potential implications for genetically fine-tuning cell-and gene-based pacemakers. A preliminary report of our findings has appeared elsewhere [10] .
Methods

Molecular biology and heterologous expression in
Xenopus laevis oocytes and Cos7 cells mHCN1 and mHCN2 were subcloned into the pGH expression vector [11] . cRNA was transcribed from linearized DNA using T7 RNA polymerase (Promega, Madison, WI). rbHCN4 (Dr. Harunori Ohmori, Kyoto University) was subcloned into the pCI mammalian expression vector [4] . Channels were heterologously expressed and studied in Xenopus oocytes as described in our previous publications [12, 13] . mHCN1 was subcloned into the AdCGI-HCN1 adenoviral shuttle vector [14] . Recombinant mHCN1 adenovirus was made by Cre-recombination of AdCGI-HCN1 DNA with C5 viral DNA in the Cre4 cell line. Mammalian Cos7 cells were cultured in 6-well dishes containing 2 ml DMEM with 10% FBS and 1% penicillin -streptomycin. Cells were transfected with 2 Al/well of AdCGI-HCN1 adenovirus (¨5 Â 10 6 plaque-forming units) 2 days before recording.
Electrophysiology
Two-electrode voltage-clamp recordings using microinjected Xenopus oocytes were performed at 23-25 -C as described previously [13] . The standard recording bath solution contained (in mM): 96 KCl, 2 NaCl, 2 MgCl 2 and 10 HEPES (pH 7.6). A more physiological, high-Na + bath solution containing (in mM) 25 KCl, 120 NaCl, 2 MgCl 2 and 10 HEPES (pH 7.6) was also used as indicated. Wholecell currents were evoked by one of two protocols using the P-Clamp software package (Axon Instruments, Foster City, CA): Protocol 1: Test-voltages ranging from À 140 to 0 mV with various test-pulse durations as indicated were applied to channels from a holding potential of + 70, À 75 or À 140 mV. For HCN1 and HCN2, the holding potential was long enough to achieve equilibrium (1000 ms for HCN1 and 4000 ms for HCN2), as determined by the plateau of wholecell currents. For HCN4, a near-equilibrium state was achieved by holding for 5000 ms. Longer durations at some voltages resulted in damage to the oocytes after multiple sweeps. After each test-voltage, tail currents were measured after pulsing to + 50 mV. Protocol 2: A train of action potentials generated by a computational model (described below) was used as command input in the voltage-clamp protocol. The protocol was shifted negatively by 40 mV for HCN2 and HCN4 to adjust for their more depolarized activation in mammalian cells [15] .
Whole-cell patch clamp recordings on Cos7 cells were performed at room temperature using an EPC-9 patch clamp amplifier (HEKA electronic, Heidelberg, Germany) [16] . A modified version of Protocol 1 (above) was implemented using holding voltages of À 30, À 60 and À 90 mV. Pipette electrodes with resistances of 1 -3 MV were backfilled with the internal pipette solution containing (in mM): 110 K + -aspartate, 20 KCl, 1 MgCl 2 , 5 Na + -phosphocreatine, 10 EGTA, 10 HEPES, 0.1 GTP, 5 Mg-ATP, pH adjusted to 7.2 with KOH. The bath solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 glucose, pH adjusted to 7.4 with NaOH.
For activation curves, tail current data from Protocol 1 was plotted as a function of the test-voltage (V t ) and fitted to the Boltzman function using the Marquardt-Levenberg algorithm (
) in a non-linear least-squares procedure to obtain the mid-point voltage (V 1/2 ) and slope factor (k). All data reported are mean -T S.E.M. Statistical significance was determined using oneway ANOVA and Tukey's post-hoc test at the 5% level.
2.3.
In silico analysis of the effect of I f on heart rate For our computational experiments, a model of HCN1 current (Eqs. (1) - (4)) was inserted into the Luo-Rudy (LRd) guinea pig ventricular cell model [17] with or without 100% suppression of the inward rectifier K + -current I K1 . I K1 suppression has been shown to induce pacemaker activity in silico [18] .
Experimentally determined data from our laboratory [12] were fit to estimate the voltage dependence of equilibrium open-probability ( y V ) and the time constants for activation/ deactivation (s y , ms). Equations for the Na + and K + components of maximum HCN1 conductance, g f,Na and g f,K , were taken from the pacemaker cell model of Kurata et al. [19] . The total maximum HCN1 conductance, g f , was increased 5-fold to compensate for an almost 17-fold increase in the slow delayed rectifying K + (I Ks ) current conductance (as compared to Kurata model). The estimate of 1.785 mS/AF is well within the range of maximum conductances in the LRd model (¨0.03 to 16.0 mS/AF). E Na and E K (mV) are the Na + and K + Nernst potentials, respectively. I f is the total HCN current (pA/pF) and v is the transmembrane voltage (mV).
Results
HCN1 activation shifts under non-equilibrium conditions
As our first step, we compared HCN1 activation under non-equilibrium and equilibrium conditions. Fig. 1A demonstrates that activation of HCN1 channels expressed in Xenopus oocytes was strongly dependent on the holding potential (V H ) when short 100-ms test-pulses were used. The activation midpoint (V 1/2 ) shifted significantly from À 118 T1.3 mV (n =6) to À 78 T 3.3 mV (n =6) to À 19 T 3. were also observed when the same protocols were employed in a more physiologically relevant high-Na + bath solution (Fig. 1B) , except that activation midpoints were positively shifted (V 1/2,+ 70 mV = À 80 T4.8 mV (n = 4), V 1/2,À 140 mV = +5 T2.0 mV (n = 3); p < 0.05), consistent with our previous finding that lowering extracellular K + causes depolarizing activation shifts [12] . In contrast, activation curves of HCN1 channels obtained using 3000-ms testpulses were insensitive to V H (V 1/2,+ 70 mV =À 73T 1.1 mV (n = 6), V 1/2,À 75 mV = À 74 T1.4 mV (n = 6) and V 1/2,À 140 mV = À 71 T 0.9 mV (n =6); Fig. 1C ; p > 0.05).
As shown in Fig. 2 , qualitatively similar results were also observed with HCN1 channels expressed in mammalian Cos7 cells, indicating that the V H dependence of activation is an intrinsic property of HCN1 channels. When short 100-ms test-pulses were used ( Fig. 2A) , V 1/2 shifted significantly from À 91T1.7 mV (n =7) to À 59T 7.2 mV (n =5) to +6T 5.5 mV (n =5) when V H was changed from À 30 to À 60 mV to À 90 mV ( p <0.05). Activation curves obtained using 3000-ms test-pulses did not differ from each other significantly (V 1/ 2,À 30 mV = À 60 T1.0 mV (n = 16), V 1/2,À 60 mV =À 58 T 4.1 mV (n = 3) and V 1/2,À 90 mV = À 60 T3.8 mV (n = 6); Fig. 2B ; p >0.05).
To explore the nature of the strong dependence of V 1/2 on V H for short but not long test-pulses, we next examined the transition of V 1/2 during intermediate test-pulse durations (100 to 800 ms). Fig. 3 shows that, when V H =+70 mV, V 1/2 increased exponentially with a transition time constant (s) of 234 T18 ms (n = 6) as test-pulse duration was gradually prolonged. The activation midpoint after reaching equilibrium (V 1/2,V ) was À 82 T 2 mV. For V H =À 140 mV, V 1/2 decreased in a similar exponential manner: s and V 1/2,V were 182T37 ms and À 79 T5 mV (n = 6), respectively.
HCN1 channels exhibit marked IV-hysteresis in response to stimulation by a train of action potentials
Since HCN1 activation depended strongly on V H for short (non-equilibrium) but not long (equilibrium) testpulses, we postulated that HCN1 current properties in response to a train of action potentials would vary in different phases of the cardiac cycle depending upon whether the cell was depolarizing or hyperpolarizing. Fig.  4A shows the IV-trajectory of HCN1 channels (n =6) obtained by applying the SA nodal-like voltage protocol given in the inset. Consistent with our hypothesis, HCN1 channels displayed pronounced IV-hysteresis. Interestingly, the so-called hyperpolarization-activated HCN1 currents increased despite membrane depolarization from the maximum diastolic potential (MDP¨À 67 mV) to the maximum current potential (MCP¨À 61 mV; a to b as marked in Fig. 4 ). This current peak was followed by a gradual decrease in amplitude during the remainder of diastolic depolarization. Thus, HCN1 current was largest during diastolic depolarization and the action potential upstroke, but was nearly inactive at the same voltages during repolarization. Pre-Pulse Duration (msec) Fig. 3 . HCN1 activation midpoint changes exponentially as a function of test-pulse duration. As the test-pulse duration is increased from 100 ms to 800 ms, the V 1/2 for V H =+70 mV increases exponentially (s =234T 18 ms, V 1/2,V =À82T2 mV) and the V 1/2 for V H =À140 mV decreases exponentially (s =182T37 ms, V 1/2,V =À79T5 mV).
IV-hysteresis and pacing rate have a similar dependence on gating kinetics
To explore the potential role of HCN channel IVhysteresis in pacing and to test whether it can be exploited to modulate pacing rate, we performed an in silico analysis using the LRd model [17] with and without a component of normal or engineered HCN1 current (Table 1 and Fig. 5) . Spontaneous pacing at a rate of 171 bpm with a MDP of À 59 mV was achieved by completely eliminating the inward rectifier potassium current, I K1 (Fig. 5B) [18] . Introducing WT HCN1 as a current component ( g f =1.785 mS/AF; Fig. 5C ) further increased the pacing rate to 178 bpm without significantly altering MDP. The modified model also qualitatively reproduced the experimental IVhysteresis relationship (Fig. 6A ).
Both our experimental (Fig. 4) ) and computational ( Fig. 6 ) data demonstrate that HCN1 current magnitude depends strongly on the preceding transmembrane potential history. This response is likely due to the very slow activation of HCN1 channels on the time-scale of cardiac pacing. Reducing (i.e. accelerating) the HCN1 gating time constant, s y , to 50% (Fig. 5D) and 10% (Fig. 5E ) of the original wild-type level (without changing other channel properties, such as conductance and V 1/2 ) decreased the pacing rate to 165 and 157 bpm, respectively. These changes were associated with depolarization of MDP by 1 and 4 mV (Table 1) . Conversely, increasing s y by 50% increased pacing rate to 180 bpm without changing the MDP (Table 1) . However, further increase of s y actually decreased pacing rate, resulting in a ''peaked'' relationship between s y and pacing rate (open circles, Fig. 6B ). All related parameters are summarized in Table 1 and Fig. 5 .
To quantify changes in IV-hysteresis as a function of s y , we studied hysteresis loop-depth, defined as the percent increase in current magnitude between the MDP and the MCP. Loop-depth corresponds to the percent increase in current from point a to point b in Fig. 4 and is a representation of the fractional increase of HCN1 current during membrane depolarization from the MDP. The IV phase-plots for s y (baseline), 0.1 Â s y and 10Â s y are shown in Fig. 6A . Loop-depth was decreased for both 0.1 Â s y and 10Â s y . Similar to the relationship between pacing rate and s y , that between loop-depth and s y also displayed a bell-shaped distribution (solid squares, Fig.  6B ). Since both loop-depth and pacing rate have a ''peaked'' relationship with s y , the relationship between loop-depth and pacing rate for all values of s y is linearly correlated (Fig. 6C ; r 2 = 0.89).
HCN2 and HCN4 have markedly attenuated IV-hysteresis
Based on our model of HCN1 IV-hysteresis and the bellshaped relationship between loop-depth and s y (Fig. 6B) , HCN4, which activates 10 -25 times slower than HCN1 (i.e. larger s y ), should exhibit significantly less hysteresis (i.e. smaller loop-depth). Indeed, our electrophysiological experiments demonstrate that the response of HCN4 to nodal pacing displayed virtually no IV-hysteresis (Fig. 4C) . As anticipated from these results, the IV-hysteresis of HCN2 channels, which activate 4 -5 times slower than HCN1 but still faster than HCN4, was also attenuated; although the phenotype was intermediate between HCN1 and HCN4 (Fig. 4B ). 
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Based on the above results, we further postulated that the attenuated loop-depths observed for HCN2 and HCN4 channels resulted from their larger time constants relative to the pacing rate. To test this notion, we performed another in silico experiment by uncoupling I f from the total ionic current and increasing its s y by 20-fold (Fig. 6D) . Uncoupling enabled us to observe the effect of transmembrane voltage on IV-hysteresis without the confounding effect of HCN current feed-back to transmembrane voltage. As the pacing rate was decreased from 125 to 61 to 36 bpm, loop-depth increased from 22% to 65% to 96% (Fig. 6D ). These pacing rates correspond to excitation periods of approximately 626, 984 and 1667 ms (18%, 37% and 63% of 20Â s y (2663 ms) at À 60 mV). Thus, consistent with our postulation, when the period of excitation is increased (i.e. fewer bpm), slowly activating HCN channel isoforms are able to generate enough current to increase the loop-depth.
HCN2 and HCN4 but not HCN1 channels exhibit marked activation delays and instantaneous currents
Unlike HCN1, both HCN2 and HCN4 have marked activation delays associated with significant instantaneous current components (I inst ) [20, 21] . To explore whether these differences correlate with the different IV-hysteresis 1.00 0.00 n/a n/a
0.00 0.00 n/a n/a phenotypes among HCN isoforms, we examined the first 500 ms of HCN1, HCN2 and HCN4 currents in response to hyperpolarizing voltage steps. During the first 500 ms, HCN1 activation is strongly time-and voltage-dependent (Fig. 7D) . In contrast, both HCN2 ( Thus, on the time-scale of diastolic depolarization (¨200-300 ms in humans and <200 ms in rodents), I inst provides HCN4 and HCN2 currents with the paradoxical ability to respond more rapidly to changes in membrane potential than HCN1 currents (albeit with lower absolute current magnitude). Furthermore, the long activation delays (d inst ) of HCN4 and HCN2 channels enables I inst to dominate over the time-dependent current component on the time-scale of cardiac pacing. According to our computational model, reducing the frequency of action potential excitation (by decreasing the slope of diastolic depolarization) allows the time-dependent component of slowly activating HCN channels to develop and contribute to IV-hysteresis (Fig. 5D) . Therefore, the differences in hysteresis among HCN 1, 2 and 4 may result from a combination of both the slow kinetics of HCN2 and HCN4 channels relative to the pacing rate, in addition to their activation delays and instantaneous currents.
Effects of HCN channels on pacing depend on parameters other than their own biophysical properties
To further investigate how I f can functionally influence pacing, we examined the effects of altering other cellular and channel parameters on pacing rate. In the presence of 100% native I K1 , pacing could not be induced by introducing HCN1 alone unless at least one of the following conditions was met: (1) HCN1 conductance ! 0.935 mS/AF (when V 1/2 =À 70 mV; Fig. 5F ) and (2) V 1/2 !À62 mV (when HCN1 conductance= 0.357 mS/AF of native SA nodal I f ; Fig. 5G ). When HCN1 was just below either of the threshold levels needed to induce pacing, the resting membrane potential (RMP) became significantly depolarized (À 64 mV) even in the presence of the RMP stabilizer I K1 (RMP= À 85 mV in the baseline LRd model).
Interestingly, pacing was twice as fast when HCN1 was incorporated in the presence of I K1 (357 bpm; Table 1 , Fig.  5H ) than in the absence of I K1 (178 bpm; Table 1 , Fig. 5C ), probably as a result of increased HCN channel activation at the more hyperpolarized MDP (À 80 mV with I K1 vs. À 59 mV without I K1 ). Thus, the strategies of genetic suppression of I K1 [22] and over-expression of I f [23] for generating induced pacemaker activities are not necessarily synergistic. A balance between these two ''opponents'' may be needed to fine-tune pacing.
Discussion
Mechanism and physiological implications of HCN1 IV-hysteresis
Based on their inherently slow kinetics, we made the straight-forward prediction that HCN1 channels exhibit IVhysteresis. This prediction was experimentally tested to explore the physiological role of I f in cardiac pacemaking, and how this cardiac membrane current can be effectively engineered to modulate endogenous or induced pacing [22, 23] . At 3000 ms, HCN1 currents have reached equilibrium and activation is independent of holding potential (V H ). However, such a long test-pulse is irrelevant during dynamic cardiac pacing (the cycle is only¨250 ms in guinea pigs and¨1000 ms in humans). In response to shorter test-pulses (100 -400 ms), nonequilibrium HCN1 activation is strongly dependent on V H . Indeed, we observed IV-hysteresis when HCN1 channels were stimulated with a train of action potentials, a fundamentally non-equilibrium situation. These observations could be reproduced using computational modeling and are similar to those described by Bruening-Wright and Larsson [24] .
IV-hysteresis of HCN1 channels depends on the magnitude of the activation time constant (s y ) relative to the pacing period. Indeed, HCN1 channels exhibit IV-hysteresis because s y is just slow enough to confer HCN1 with a sort of voltage ''memory''. As demonstrated by our analyses, both very rapid and very slow kinetics would reduce IVhysteresis. Consider the example of a population of channels subjected to periodic stimulation between a voltage that opens all channels and a voltage that closes all channels. If the stimulation period is T and s y = 0.05T, an equilibrium distribution of open and closed channels will be reached in¨0.25T (or 5 time constants). Thus, by the time of the next pulse (0.75 T later), all memory of the prior pulse will have been lost, preventing IV-hysteresis. On the other hand, if s y is increased to 20T, more than 80 times the stimulation period is needed to reach equilibrium. In this À T/2T ) of closed channels. This would be enough to produce a measurable change in current magnitude and, with 60% of channels still affected by the previous voltage history, exhibit IV-hysteresis.
The rate-dependent non-equilibrium behavior of HCN1 channels is somewhat similar to frequency-or use-dependent channel blockade, which is derived from the drug unbinding time constant being longer than the stimulus interval, thereby imparting a sort of memory [25] . The IVhysteresis of HCN1 channels is also analogous to that of many enzymes [26] . For instance, in the heart, phosphofructokinase (PFK) enzymatic activity exhibits a pHdependent hysteresis that has been postulated to play a role in the metabolic regulation of the myocardium during ischemia [27] . The pH-hysteresis of PFK is attributed to slow, pH-dependent conformational changes that enable the enzyme to ''memorize'' the recent pH history of the environment. Such ''memory'' is indeed a characteristic of any system under non-equilibrium conditions. On the timescale of cardiac pacing, HCN1 channels ''memorize'' the recent transmembrane voltage history because their very slow kinetics forces them to operate under non-equilibrium conditions during the cardiac cycle. Consequently, HCN1 activation is greatly influenced by the preceding transmembrane voltages. This memory explains the increase in HCN1 current amplitude despite depolarization from maximum diastolic potential (MDP) to maximum current potential (MCP). In other words, the increase in current from MDP to MCP (i.e. loop-depth) does not occur in response to membrane depolarization, but, rather, as a delayed response to membrane hyperpolarization during the previous action potential repolarization. Thus, the slow activation of HCN1 channels does not hinder their ability to drive pacing, but, in fact, is central to modulation of firing rate. Our computational model supports this notion since accelerating HCN1 activation (by decreasing s y ) decreases the pacing rate.
In addition to its proposed role as a direct contributor to the pacemaker current, I f , whose density is highest at the periphery of the SA node, may also serve to protect nodal cells from any over-hyperpolarizing influence from the bulk atrial tissue during action potential repolarization. In essence, I f may stabilize diastolic membrane voltage so that other pacemaker currents can operate within the proper voltage range [27] . In support of this notion, our in silico studies indicate that, when HCN1 is incorporated into the model, MDP and RMP, even in the presence of I K1 , both become more depolarized (whether or not pacing has been induced). Rosen and colleagues [28] were able to modulate pacing in vitro and in vivo by coupling cardiomyocytes to human mesenchymal stem cells (hMSCs) that express HCN2 (heterologously) and connexin-43 (endogenously).
HCN2 expression promoted pacemaker activity by generating current sources (via gap junctions) that depolarized the RMP (or MDP) of neighboring quiescent (or oscillating) cardiomyocytes. Ludwig et al. also propose a protective role for HCN current based on their characterization of an HCN2 knock-out mouse that exhibits a highly variable RR-interval on EKG and an unstable MDP in isolated SA nodal cells [5] . Thus, as proposed previously [29] and further supported by our present results, I f serves a dual role in cardiac pacing by both directly contributing to diastolic depolarization and by stabilizing the MDP at an appropriate voltage so that other currents involved in diastolic depolarization can function properly.
Physiological roles of the initial activation delay and instantaneous component of I f
In the current study, we propose that the attenuated IVhysteresis of HCN2 and HCN4 (compared to HCN1) is due to a combination of slow kinetics and pronounced activation delays with instantaneous currents. In voltage clamp experiments, both endogenous I f and heterologously expressed HCN channels have been described as consisting of an initial instantaneous current (I inst ) followed by a timedependent current [20, 21] . Macri and Accili have proposed that I inst may represent current flow through a ''leaky'' HCN channel closed state, similar to the large instantaneous currents of inwardly rectifying plant K + -channels [30] . These investigators also suggest that I inst may contribute to the Na + -sensitive background current (I b,Na ). Other than these studies, however, little is known about the physiological significance of the I inst and d inst components [21] . In fact, these parameters are often ignored when HCN gating is studied. For instance, when fitting HCN currents with an exponential function, the initial delay during the activation shoulder is excluded. Since HCN4 is present in the SA node [3] , HCN4 I inst (and not the time-dependent current component) dominates on the time scale of cardiac pacing, and HCN4 (and not HCN1 [31] or HCN2 [5] ) knock-out mice die in-utero from severe bradycardia and chronotropic incompetence; further study of HCN4 d inst and I inst is warranted.
''Fine-tuning'' cardiac pacing by engineering HCN-encoded I f
To date, at least three approaches have been taken to induce ectopic pacemaker activity: heterologous h 2 -adrenergic receptor expression in pig atria [32] , dominantnegative suppression of I K1 in guinea pig ventricle [22] and over-expression of I f [23] . Our present and recent results may provide additional pragmatic implications for inducing and fine-tuning pacemaker activity. For instance, the dominant-negative construct HCN1-AAA (i.e. GYG 349 -351 YAAA [13] ) could be used to suppress native I f for tuning the frequency of pacing. Similarly, such recombinant HCN constructs as S3 -S4 linker mutants [33] , which exhibit a range of gating properties, may be useful for customizing the firing rate of native or engineered pacemakers [34, 35, 36] .
In our computational model, MDP is dependent upon the relative expression levels of I K1 and HCN1. I K1 hyperpolarizes the MDP, resulting in a higher HCN1 channel open-probability ( y V ) during early diastolic depolarization. A higher y V when I K1 is present, as compared to when I K1 is inhibited, facilitates pacing by substantially increasing I f and loop-depth (loop-depth = 670% with I K1 vs. 228% without I K1 ; Table 1 ). Therefore, the strategies of I K1 suppression and HCN over-expression to induce pacing may not be synergistic. Moreover, the modulatory effects of HCN1 on pacing are the function of a number of extrinsic cellular parameters (such as MDP and I K1 ) as well as its own intrinsic properties (expression level, IV-hysteresis, equilibrium and kinetic gating properties, etc.). Careful modification of these parameters and properties is needed to fine-tune the firing frequency of gene-and cell-based pacemakers. Additionally, given the relatively long activation delays of HCN2 and HCN4, mutations that augment I inst [30] may also promote ectopic pacing in vivo.
Conclusions
As a result of their intrinsically slow activation kinetics, HCN1 channels exhibit IV-hysteresis in response to stimulation by a train of action potentials. The degree of IV-hysteresis, when quantified by loop-depth, is strongly correlated with pacing rate. Given the bell-shaped relationship between activation time constant and pacing rate, it appears that the slow kinetics of HCN1 channels do not hinder their ability to modulate pacing. Slow kinetics confers upon HCN1 channels a voltage ''memory'', enabling their currents to increase in magnitude despite membrane depolarization during early diastole. This mechanism may play an important role in the modulation of cardiac and neuronal pacing.
For HCN2 and HCN4, slow activation kinetics and a long activation delay work in concert to attenuate IVhysteresis. Thus, non-equilibrium methods which do not obscure the early instantaneous current (I inst ) may sometimes be more appropriate for studying HCN channel gating; especially in the context of inferring how these channels are involved in the regulation of non-equilibrium processes like cardiac pacing. Taken collectively, our present results provide an experimental and theoretical framework for fine-tuning gene-and cell-based pacemakers.
